Abstract: Scramjet based on solid propellant is a good supplement for the power device of future hypersonic vehicles. A new scramjet combustor configuration using solid fuel, namely, the solid fuel rocket scramjet (SFRSCRJ) combustor is proposed. The numerical study was conducted to simulate a flight environment of Mach 6 at a 25 km altitude. Three-dimensional Reynolds-averaged Navier-Stokes equations coupled with shear stress transport (SST) k − ω turbulence model are used to analyze the effects of the cavity and its position on the combustor. The feasibility of the SFRSCRJ combustor with cavity is demonstrated based on the validation of the numerical method. Results show that the scramjet combustor configuration with a backward-facing step can resist high pressure generated by the combustion in the supersonic combustor. The total combustion efficiency of the SFRSCRJ combustor mainly depends on the combustion of particles in the fuel-rich gas. A proper combustion organization can promote particle combustion and improve the total combustion efficiency. Among the four configurations considered, the combustion efficiency of the mid-cavity configuration is the highest, up to about 70%. Therefore, the cavity can effectively increase the combustion efficiency of the SFRSCRJ combustor.
Introduction
The applications of hypersonic vehicles include high-speed transport, space access etc. Scramjet is a kind of ideal propulsion system for hypersonic flight (Ma > 5) . More and more research is being conducted in the scramjet field due to the important scientific significance and application value [1] [2] [3] [4] [5] [6] [7] . At the same time, because of the complex measurement system and costly experimental apparatus, computational fluid dynamics (CFD) on the scramjet has attracted the attention and appreciation of scientists [8] [9] [10] [11] [12] [13] [14] .
Currently, the research process of scramjets is mainly focused on liquid fuel, such as kerosene and liquid hydrogen [8, 11, [14] [15] [16] [17] [18] . However, compared with the liquid fuel scramjets, solid fuel scramjets have the same advantages as traditional solid fuel engines, such as simple structure, high energy density, good maneuverability, and long storage time, etc. Therefore, the solid fuel scramjet has gradually developed in the recent decades [13, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Main achievements of the solid fuel scramjet are summarized below.
In 1989, Witt [27] et al. firstly conducted a preliminary experimental study on the feasibility of scramjet using solid fuel. The results demonstrated that solid fuel (PMMA) can be burned in a supersonic flow by adding a bit of hydrogen as the pilot torch. Therefore, a combustor configuration was proposed, namely, the solid fuel scramjet (SFSCRJ) combustor. On the basis of Witt's research, that the combustion efficiency was 57% and demonstrated the feasibility of SFSCRJ once again. Later, Ben-Yakar et al. [21, 22] achieved self-ignition and self-sustained combustion in the SFSCRJ combustor without external aid. The schematic of SFSCRJ is displayed in Figure 1 . A cavity was used as a flame holding device in the experiments. Moreover, Saraf and Gany [32] studied the effects of solid fuel with metal powder aluminum on the performance of the SFSCRJ combustor. It concluded that adding metal powder can increase specific thrust but decrease specific impulse. Hu et al. [31] carried out a numerical investigation to study the characteristics of CSFSCRJ (combined solid fuel scramjet). The results showed that the total pressure recovery and the combustion efficiency was 35% and 48%, respectively. Wang et al. [24, 25] conducted numerical and experimental studies on the specific thrust level and variation rule in the solid fuel scramjet combustor. The results pointed out that the specific thrust could reach about 600-800 N/kg·s in the preconcerted flight conditions, and the specific thrust decreased with the total pressure recovery increase during the operating process. The previous research has demonstrated the feasibility of the SFSCRJ. However, its limitations are evident:
(1) Self-ignition and flame stabilization are difficult. ( 2) The inner surface of the combustor varies with the fuel regression, thus possibly affecting the overall performance of the SFSCRJ. (3) The air-fuel ratio depends on fuel regression rate, which cannot be controlled directly and actively. (4) Combustion efficiency of solid fuel is too low because of the low mixing efficiency and short residence time.
In order to solve the problems mentioned above, Lv et al. [26] proposed a new scramjet configuration, namely, the solid-fuel rocket scramjet (SFRSCRJ), as shown in Figure 2 . The configuration is composed of four parts, namely inlet, solid-fuel gas generator, supersonic combustor, and nozzle, respectively. The propellant is fuel-rich solid fuel, containing a bit of oxidizer to maintain self-sustained combustion in the gas generator. The primary combustion in gas generator does not need oxygen from incoming air. Therefore, the installation location is flexible. The fuel-rich gas is injected into the supersonic combustor for secondly mixing and combustion with air, which contributes to improve the combustion efficiency compared with the boundary layer diffusion combustion of SFSCRJ. Finally, the thrust is generated through the expansion of the nozzle. The mass flow rate of the fuel-rich gas can be controlled by a designed throat, so the air-fuel ratio is easy to regulate. The results of the experiments show that the scramjet configuration using solid fuel is feasible, and the total pressure loss and combustion efficiency is 50% and 65%, correspondingly.
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Solid-fuel gas generator Supersonic combustor Inlet Nozzle Figure 2 . Schematic of SFRSCRJ. The mainstream remains supersonic in a scramjet. Thus, the residence time of air and fuel gas is about 1 ms. For the sake of an effective and stable combustion at such a short time, many methods have been adopted to achieve mixing enhancement and flame holding. In the past several decades, the cavity has been studied in the scramjet field. A structure that can generate a subsonic recirculation zone can increase the residence time of fuel in a supersonic combustor, promote the mixing between fuel gas and airflow, and play a role in flame holding. Currently, the cavity is mainly used in the liquid fuel scramjet [33] [34] [35] [36] . Pei and Hou [37] studied the influences of cavity length/deep ratio on the performance of combustor in a SFSCRJ. The results showed that the combustion efficiency of the supersonic combustor is the highest for an appropriate cavity length/deep ratio of 4 with moderate total pressure loss. But few studies have carried out using the cavity in the SFRSCRJ, and the mechanism of the cavity on the gas-solid two-phase flow remains unclear.
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In the following numerical study, a new configuration, namely, the single-side expanded SFRSCRJ combustor is proposed, as displayed in Figure 3 . This combustor consists of three parts: Isolator, supersonic combustor with a cavity, and gas generator. The goal of this paper is to obtain the effects of the cavity on the SFRSCRJ combustor. In Section 2, the numerical model and method, model validation and grid independence analysis are introduced. In Section 3, the characteristics of the without-cavity configuration are discussed in detail. Then, the effects of cavity on the scramjet combustor from three aspects, namely, flow field characteristics, particle combustion characteristics and combustor performance, are illustrated. Several helpful conclusions are drawn to provide a basis for the further experimental study.
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Numerical Model and Method
Fuel-rich gas is produced by the primary combustion of a solid propellant within the gas generator. The composition of the fuel-rich gas is quite complex. In addition to the gas-phase products, there are large amounts of condensed products, such as carbon particle. The fuel-rich gas is mixed with the supersonic flow after entering the supersonic combustor, thereby presenting complex 3D two-phase turbulent combustion characteristics. The models to be considered for the process include turbulence, particle motion, and combustion models.
Governing Equations
The gas-phase flow and combustion governing equations in the SFRSCRJ combustor are described by the Reynolds-averaged Navier-Stokes equations together with the mass, momentum, energy, and species transport equations [38] , which are expressed as follows, respectively: 
Numerical Model and Method
Governing Equations
where the notations of * and * stand for time average and Favre average (Favre average is for variable density flow, e.g., combustion, such as the condition in this paper). The ρ, u and p represent the density, velocity and pressure, correspondingly. The T, h and Q represent the temperature, total enthalpy and reaction heat, respectively. The S terms in each equation represent the source term, for example gas-solid two-phase interaction, body force or radiation. The Y k is the mass fraction of species k. The D and λ are the binary mass diffusion coefficient between species and thermal conductivity coefficient, which refer to Fick's law of mass diffusion and Fourier's law of heat conduction, correspondingly. The τ ij is the viscous stress component, which can be related to strain rate as:
where
where π ij is the strain rate tensor, and µ is the molecular viscosity.
The turbulent enthalpy flux, ρ h u j , and the turbulent species flux, ρ Y s u j are often described using gradient diffusion assumption as follows:
where Pr t , Sc t are the turbulent Prandtl and Schmidt number, and are normally set as constant around unity. Then the remaining unclosed in the RANS equations are Reynolds stress, ρ u i u j , and the averaged reaction source term,
. ω s , which are closed by using the turbulence and combustion models, respectively.
Turbulence Model and Numerical Method
In order to get detailed flow parameters, Fluent 15.0 is used to simulate the 3D flow field of the SFRSCRJ combustor. The computing domain is solved iteratively with an implicit density-based double-precision solver. The shear stress transport (SST) k − ω turbulence model [39, 40] is employed to enclose the governing equations mentioned above. This model provides high computational accuracy for both the free shear layer and the moderate separation flow turbulence. A second-order upwind difference scheme is used to discretize the convective terms, whereas a second-order center difference scheme is used for diffusion terms.
Particle Motion Model
Although the fuel-rich mixture contains a certain mass fraction of condensed products, the volume concentration of the condensed phase is far less than 1%. Therefore, the discrete random walk model is used to track the particles orbits in the SFRSCRJ combustor. The kinetic equations of the particle in the Cartesian coordinate system are described as follows:
where X p is the particle position vector, V p is the particle velocity vector, F p is the resistance to unit mass particles, and F represents other external forces on the particles, such as body force and Stephen flow.
Resistance per unit mass of particles is defined by:
where V is the gas velocity vector, ρ p and d p represent the particle density and diameter, respectively; and C D is the drag coefficient, which can be written as follows:
Re p < 1000 Re p ≥ 1000 (12) where Re p is the particle Reynolds number determined from:
where ρ is the gas density, and µ is the dynamic viscosity coefficient.
Combustion Model
The components and flow parameters of fuel-rich gas are calculated by the National Aeronautics and Space Administration's Chemical Equilibrium with Application (CEA) software [41] . The results show that the combustible components of the fuel-rich gas are CO, H 2 , CH 4 , and carbon particles. The gas-phase combustion model uses the finite-rate/eddy-dissipation model. This model considers both effects of turbulence diffusion and chemical reaction on combustion simultaneously. Three single-step overall reaction mechanisms are used for gas-phase reaction:
where the pre-exponential factor and activation energy for the three reactions mentioned above (Equations (14)- (16) [42] .
The carbon particles combustion model adopts the improved moving flame front (MFF) model by Zhang [43] . A user-defined function is written to calculate the improved MFF model into the solver. The explicit expressions of the carbon particles combustion rate in the MFF model are expressed as:
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where q c is the surface combustion rate of carbon particles; K do 2 and K dco 2 are the diffusion rate coefficient of O 2 and CO 2 , respectively; K so 2 and K sco 2 are the diffusion rate coefficient of O 2 and CO 2 on the particles' surface, correspondingly; P go 2 and P gco 2 are the pressure of O 2 and CO 2 , respectively.
Model Validation and Grid Independence Analysis
The experiment of configuration shown in Figure 4 is simulated to validate the numerical model and method. The experiment has been conducted previously by our team. The 3D structure grid is generated by the ICEM software (ANSYS Inc, USA). The part is where the parameters change violently and the near wall are encrypted. The boundary conditions are summarized in Table 1 and they are the same as the experiment. 
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The experiment of configuration shown in Figure 4 is simulated to validate the numerical model and method. The experiment has been conducted previously by our team. The 3D structure grid is generated by the ICEM software (ANSYS Inc, USA). The part is where the parameters change violently and the near wall are encrypted. The boundary conditions are summarized in Table 1 Pressure distribution curve along the combustor is depicted in Figure 5 . It is obvious that the trend of numerical pressure distributions is consistent with that of the experiment. Small deviation is observed because the initial combustion products are obtained by the CEA thermal computing software [41] , and the particles' diameter is the uniform size distribution according to the range mentioned in Ref [44] . Nevertheless, the overall pressure distribution curve of the numerical results Pressure distribution curve along the combustor is depicted in Figure 5 . It is obvious that the trend of numerical pressure distributions is consistent with that of the experiment. Small deviation is observed because the initial combustion products are obtained by the CEA thermal computing software [41] , and the particles' diameter is the uniform size distribution according to the range mentioned in Ref [44] . Nevertheless, the overall pressure distribution curve of the numerical results agrees well with the experiment data. It indicates that the numerical method used in this work has certain applicability, and can be employed to simulate the flow field under these conditions. agrees well with the experiment data. It indicates that the numerical method used in this work has certain applicability, and can be employed to simulate the flow field under these conditions. Based in the model validation, grid independence analysis is carried out. Wall static pressure distributions at x = 150 mm are selected to verify grid independence, and the results are given in Figure 6 . The coarse grid has about 0.4 million cells, whereas the moderate and fine grids have about 1.6 and 2.2 million cells, respectively. The differences between results for the coarse and moderate grids is evident. However, the results of the moderate and fine grids almost overlap with each other. Considering the computational accuracy and the cost, the moderate grid is enough for numerical simulation. 
Physical Model and Boundary Conditions
The physical model is exhibited in Figure 7 . The length of the isolator and supersonic combustor is 400 and 900 mm, correspondingly. The height and width of air inlet are 40 and 50 mm, respectively. The isolator takes a divergence angle of 1° for correcting the boundary layer effect, whereas the supersonic combustor takes a divergence angle of approximately 2.37° to maintain Based in the model validation, grid independence analysis is carried out. Wall static pressure distributions at x = 150 mm are selected to verify grid independence, and the results are given in Figure 6 . The coarse grid has about 0.4 million cells, whereas the moderate and fine grids have about 1.6 and 2.2 million cells, respectively. The differences between results for the coarse and moderate grids is evident. However, the results of the moderate and fine grids almost overlap with each other. Considering the computational accuracy and the cost, the moderate grid is enough for numerical simulation.
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Results and Discussion
Physical Model and Boundary Conditions
The physical model is exhibited in Figure 7 . The length of the isolator and supersonic combustor is 400 and 900 mm, correspondingly. The height and width of air inlet are 40 and 50 mm, respectively. The isolator takes a divergence angle of 1 • for correcting the boundary layer effect, whereas the supersonic combustor takes a divergence angle of approximately 2.37 • to maintain supersonic flow. The height of the back-ward-facing step is 15 mm. The length-to-depth ratio of the cavity is 7, and the 45 • ramp angle at the end of the cavity is used to suppress oscillations [33] . Figure 7 . Physical model. Table 2 displays the correspondence between the configuration and the index. The configuration without cavity is Case 1. And the Case 2, 3, 4 represent the configuration index for front-cavity, mid-cavity and back-cavity, correspondingly. The geometric model of the front-cavity configuration is presented in Figure 8 . The mesh domain of the fuel inlet is generated by the O-block of the ICEM. The mesh quality of the grid as illustrated in the lower right corner of Figure 8 , indicating that the overall quality of the grid is favorable. The fuel-rich solid propellant is used in the numerical simulation. The design flight environment is 25 km and Ma6, and the equivalence ratio  is 0.5. Therefore, the mass flow rate of fuel-rich gas can be determined from the following equation:
Where   / A F real and   / A F stoic are the real and stoichiometric air-fuel ratio, respectively, which can be calculated with the CEA thermal computing software [41] . The fuel-rich gas components also can be obtained by the CEA thermal computing software [41] . The simplified thermal calculation results are summarized in Table 3 . And the boundary conditions are summarized in Table 4 . Table 2 displays the correspondence between the configuration and the index. The configuration without cavity is Case 1. And the Case 2, 3, 4 represent the configuration index for front-cavity, mid-cavity and back-cavity, correspondingly. The geometric model of the front-cavity configuration is presented in Figure 8 . The mesh domain of the fuel inlet is generated by the O-block of the ICEM. The mesh quality of the grid as illustrated in the lower right corner of Figure 8 , indicating that the overall quality of the grid is favorable. supersonic flow. The height of the back-ward-facing step is 15 mm. The length-to-depth ratio of the cavity is 7, and the 45° ramp angle at the end of the cavity is used to suppress oscillations [33] . Table 2 displays the correspondence between the configuration and the index. The configuration without cavity is Case 1. And the Case 2, 3, 4 represent the configuration index for front-cavity, mid-cavity and back-cavity, correspondingly. The geometric model of the front-cavity configuration is presented in Figure 8 . The mesh domain of the fuel inlet is generated by the O-block of the ICEM. The mesh quality of the grid as illustrated in the lower right corner of Figure 8 , indicating that the overall quality of the grid is favorable. The fuel-rich solid propellant is used in the numerical simulation. The design flight environment is 25 km and Ma6, and the equivalence ratio  is 0.5. Therefore, the mass flow rate of fuel-rich gas can be determined from the following equation:
Where   / A F real and   / A F stoic are the real and stoichiometric air-fuel ratio, respectively, which can be calculated with the CEA thermal computing software [41] . The fuel-rich gas components also can be obtained by the CEA thermal computing software [41] . The simplified thermal calculation results are summarized in Table 3 . And the boundary conditions are summarized in Table 4 . The fuel-rich solid propellant is used in the numerical simulation. The design flight environment is 25 km and Ma6, and the equivalence ratio Φ is 0.5. Therefore, the mass flow rate of fuel-rich gas can be determined from the following equation:
where (A/F) real and (A/F) stoic are the real and stoichiometric air-fuel ratio, respectively, which can be calculated with the CEA thermal computing software [41] . The fuel-rich gas components also can be obtained by the CEA thermal computing software [41] . The simplified thermal calculation results are summarized in Table 3 . And the boundary conditions are summarized in Table 4 . 
Without-Cavity Configuration Analysis
The upper left of Figure 9 displays the typical schematic of a transverse jet in a supersonic flow [45, 46] ; the two other images refer to the temperature contours in the overall combustor and near the backward-facing step. The main averaged flow features around the transverse jet, such as the counter-rotating vortex pair, bow shock, and Mach disk, were captured. It indicates that the numerical method used in the paper can simulate the flow field in the supersonic combustor. There is a high temperature region in the vicinity of the backward-facing step shown in the upper right of Figure 9 . It is beneficial for secondary ignition and flame holding. The high temperature region is mainly distributed on the upper wall because of the single side expansion, indicating the combustion near the upper wall is violent.
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The upper left of Figure 9 displays the typical schematic of a transverse jet in a supersonic flow [45, 46] ; the two other images refer to the temperature contours in the overall combustor and near the backward-facing step. The main averaged flow features around the transverse jet, such as the counter-rotating vortex pair, bow shock, and Mach disk, were captured. It indicates that the numerical method used in the paper can simulate the flow field in the supersonic combustor. There is a high temperature region in the vicinity of the backward-facing step shown in the upper right of Figure 9 . It is beneficial for secondary ignition and flame holding. The high temperature region is mainly distributed on the upper wall because of the single side expansion, indicating the combustion near the upper wall is violent. Barrel shock and Mach disk Figure 9 . Schematic of a transverse jet in a supersonic crossflow. Figure 10 displays the contours of carbon particle residence time, temperature, and mass. In Figure 10A , the maximum residence time is about 1 ms. It is difficult for carbon particles to achieve complete combustion in that short time. The carbon particle temperature and mass contours are shown in Figure 10B and 10C, respectively. It can be seen that there is a distinct temperature gradient and a small mass gradient in the marked domain. It is evident that the big temperature gradient is caused by gas phase combustion not the particles combustion. Therefore, combustion competition must exist between the gas phase and the particles. Of course, the high temperature Figure 10 displays the contours of carbon particle residence time, temperature, and mass. In Figure 10A , the maximum residence time is about 1 ms. It is difficult for carbon particles to achieve complete combustion in that short time. The carbon particle temperature and mass contours are shown in Figure 10B ,C, respectively. It can be seen that there is a distinct temperature gradient and a small mass gradient in the marked domain. It is evident that the big temperature gradient is caused by gas phase combustion not the particles combustion. Therefore, combustion competition must exist between the gas phase and the particles. Of course, the high temperature generated by gas phase combustion in this zone can preheat the carbon particles, thereby providing a faster initial reaction rate for subsequent particles combustion.
Energies 2019, 12, x 10 of 17 generated by gas phase combustion in this zone can preheat the carbon particles, thereby providing a faster initial reaction rate for subsequent particles combustion. Figure 10 . Without-cavity configuration carbon particles contours. Figure 11 exhibits the average pressure distribution along the combustor of different configurations. The pressure of combustors does not affect the isolator pressure because of the backward-facing step, which is beneficial to the start of the inlet. The pressures of the four configurations rise sharply near the fuel inlet. It is caused by the mixing and combustion of the fuel-rich gas and airflow. After the fuel inlet, pressure was floating back and forth, which is due to combustion violently and complex shock waves. The overall pressure distribution of the mid-cavity configuration is higher, as displayed in Figure 11 . Therefore, a more intense combustion occurs in the mid-cavity combustor. The temperature contours of the symmetry planes of each configuration are presented in Figure 12 . The backward-facing steps still play the role of flame holding, as mentioned in the without-cavity configuration analysis. The high-temperature areas in the three other combustors are larger than the without-cavity configuration. Thus, the cavity can enhance the mixing and combustion of primary fuel-rich gas and airflow. Furthermore, it can maintain a relatively high temperature in the vicinity of the cavities because of the low velocity reflux zone, which contributes to the combustion of the fuel-rich gas. Figure 12 also illustrates that, among the four configurations, the mid-cavity configuration has the largest heat release zone. However, the heat release zone of the three other configurations is relatively small. Therefore, the mid-cavity configuration is more effective for the overall heat release of the flow channel. Figure 11 exhibits the average pressure distribution along the combustor of different configurations. The pressure of combustors does not affect the isolator pressure because of the backward-facing step, which is beneficial to the start of the inlet. The pressures of the four configurations rise sharply near the fuel inlet. It is caused by the mixing and combustion of the fuel-rich gas and airflow. After the fuel inlet, pressure was floating back and forth, which is due to combustion violently and complex shock waves. The overall pressure distribution of the mid-cavity configuration is higher, as displayed in Figure 11 . Therefore, a more intense combustion occurs in the mid-cavity combustor. The temperature contours of the symmetry planes of each configuration are presented in Figure 12 . The backward-facing steps still play the role of flame holding, as mentioned in the without-cavity configuration analysis. The high-temperature areas in the three other combustors are larger than the without-cavity configuration. Thus, the cavity can enhance the mixing and combustion of primary fuel-rich gas and airflow. Furthermore, it can maintain a relatively high temperature in the vicinity of the cavities because of the low velocity reflux zone, which contributes to the combustion of the fuel-rich gas. Figure 12 also illustrates that, among the four configurations, the mid-cavity configuration has the largest heat release zone. However, the heat release zone of the three other configurations is relatively small. Therefore, the mid-cavity configuration is more effective for the overall heat release of the flow channel.
Flow Field Characteristics
The average Mach number distribution along the combustors of different configurations are illustrated in Figure 13 . The Mach number decreases sharply at the isolator exit because of the flow channel expansion and heat release. Equation (20) [4] describes that Mach number along the combustor changes with total temperature and flow channel area. The Mach number is up or down in a supersonic combustor depending on the contest between the flow channel expansion and combustion heat release. In Figure 13 , except for the mid-cavity configuration, the flow channels of the three other maintain supersonic combustion. It indicates that the average heat release of the mid-cavity configuration is more violent. A small local subsonic zone is observed in the mid-cavity configuration. However, after the Ma is less than 1, the comprehensive effects of boundary layer, addition of heat and mass, and the expansion of flow channel make the Ma increase gradually to 1. And the gas maintains supersonic flow at the exit of the combustor.
where Ma is the local Mach number, A is the cross-sectional area, T t is the total temperature, and γ is the specific heat ratio.
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Particle-Phase Combustion Analysis
From the previous analysis, the fuel-rich gas generated from gas generator contains a certain mass fraction of the carbon particles. Moreover, the heat value of carbon particles is high. If the carbon particles can be burned completely, the combustion efficiency of the solid fuel can be improved a lot. Figure 14 depicts the carbon particle residence time contours for different cases. The mid-cavity and back-cavity configurations can change the orbits of partial particles in the combustor to extend the residence time, thereby increasing the particle combustion efficiency.
Energies 2019, 12, x 12 of 17 improved a lot. Figure 14 depicts the carbon particle residence time contours for different cases. The mid-cavity and back-cavity configurations can change the orbits of partial particles in the combustor to extend the residence time, thereby increasing the particle combustion efficiency. The combustion efficiency of the carbon particles particle  is defined as:
Where m C inlet  and m C exit  are the total carbon particle masses in the fuel inlet and outlet, respectively. Figure 15 exhibits the longest residence time and the combustion efficiency of carbon particles for the four cases. Compared with the without-cavity configuration, the combustion efficiency of the particle phase is improved. Although the residence time is shorter in the front-cavity configuration than that in the back-cavity configuration, the combustion efficiency of the former is high. That is because preheating particles is more important than long residence time in terms of combustion efficiency. A simplified mathematical illustration can be seen in the next part. The particle combustion efficiency is highest in the mid-cavity configuration, which is caused by the comprehensive effects of preheating particles and longer residence time. The increase in both reaction temperature and time can promote particle combustion. However, the role of the former is more important than the latter in a limited length of the combustor. The combustion efficiency of the carbon particles η particle is defined as:
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Combustor Performance
The total combustion efficiency η total is defined as the combustion efficiency of all combustible components injected into the combustion chamber. The expression is
where Y CO , Y H 2 , and Y CH 4 are the mass fractions of CO, H 2 , and CH 4 , correspondingly. Q C , Q CO , Q H 2 , and Q CH 4 represent the combustion heat of carbon particle, CO, H 2 , and, CH 4 respectively. The total pressure loss in the SFRSCRJ combustor is caused by boundary layer, flow separation, shock waves, and fuel-air mixing and combustion. The total pressure recovery coefficient η TPR is determined from
where P 0,x is the total pressure at a certain x-axis position, and P 0,inlet is the total pressure of air inlet. The total combustion efficiency and total pressure recovery of the four cases is exhibited in Figure 16 . The total combustion efficiency of the mid-cavity configuration is the highest. In comparison with the without-cavity configuration, the total combustion efficiency of the mid-cavity is increased by about 8.8%. In addition, the front-and back-cavity configurations are also increased by about 4.8% and 1%, correspondingly. However, the total pressure recovery of four configurations almost have no distinct difference.
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The combustion rate of carbon particles v in the global reaction can be defined by the following formula:
where k is the reaction rate constant; C o 2 is the oxygen concentration; and m is the reaction order of the oxygen in the global reaction; and A, E a , R u , and T represent the pre-exponential factor, activation energy, universal gas constant, and reaction temperature, respectively. Therefore, the combustion efficiency η particle of carbon particles in flow field can be defined as × 100% (27) where n and m represent the number of particles and the number of mesh cells that passed by a certain particle, correspondingly, M C is the molecular weight of carbon particle, V cell,i,j is the volume of a certain grid cell, and ∆t i,j represent the residence time of a certain particle i in a certain cell j. The temperature and residence time affect combustion efficiency. Temperature is an exponential form, whereas residence time is only a linear form. Therefore, establishing a large high-temperature area is more effective than increasing the residence time to improve the combustion efficiency.
Conclusions
In this paper, a new scramjet combustor configuration using solid fuel, namely, SFRSCRJ combustor with cavity, is proposed. The influence of the cavity and its position on the performance of the SFRSCRJ combustor is studied. By analyzing the flow field characteristics and evaluating the combustor performance, the cavity for the SFRSCRJ combustor is demonstrated to be feasible. The main conclusions are summarized as follows:
•
The combustor configuration with a backward-facing step is resistant to combustor pressure. This situation is beneficial for the start of the inlet.
• A competition occurs between the particle and the gas phase combustion near the fuel inlet. However, the high temperature generated by the gas phase combustion can accelerate the subsequent particle combustion.
The increase in both the residence time and the combustor temperature can improve the combustor performance. Nevertheless, increasing reaction temperature is more effective than the residence time.
• Generally, the gas phase combustion is relatively complete. The total combustion efficiency mainly depends on the combustion efficiency of the particle-phase. The combustion efficiency of the mid-cavity configuration reaches about 70% and is the highest among the four configurations. However, all configurations display almost the same total pressure loss.
Several helpful conclusions are drawn from the numerical study. An experimental study of the mid-cavity configuration will be carried out in the near future. 
